Gluconate-6-phosphate dehydrogenase (GND) is genetically determined in Salmonella typhimurium by a locus (gnd) mapping between the somatic antigen (rfb) and histidine (his) operons. The enzyme is constitutive. Strains of Salmonella carrying an F' genetic element which contains the gnd+ gene have GND activity two to three times that of the wild type. This gene dosage effect was used to determine that the GND reaction is not rate-limiting for the metabolism of glucose by the pentose shunt in S. typhimurium.
rying an F' genetic element which contains the gnd+ gene have GND activity two to three times that of the wild type. This gene dosage effect was used to determine that the GND reaction is not rate-limiting for the metabolism of glucose by the pentose shunt in S. typhimurium.
Mutants of Escherichia coli which lack 6- phosphogluconate dehydrogenase (GND) activity, an enzyme in the hexose monophosphate shunt, have recently been isolated (4) . The genetic locus, gnd, is cotransducible with the histidine region (his) at a frequency of about 50% in tests with P1 phage (11) . Eisenberg and Dobrogosz (3) and Fraenkel and Levisohn (6) presented evidence that GND activity is constitutive in E. coli.
Studies of a phosphoglucose isomerase (PGI)-deficient mutant of Salmonella, in which the pentose shunt is the sole pathway of metabolism of glucose, were made by Fraenkel and Horecker (5) . The PGI-deficient mutant has a wild-type growth rate with fructose as sole carbon source; with glucose, it grows at only one-sixth of the wild-type rate. This mutant uses the pentose shunt at the same rate as wild type under all conditions. The constitutive nature and relatively low level of GND activity thus make the GND reaction suspect as the rate-limiting step of the pentose shunt (5) .
In this study, we show that the gnd gene of S. typhimurium is located between the rough B (rfb) and histidine (his) operons. Tests with strains carrying multiple copies, and thus varying dosages, of the constitutive gnd gene indicate that GND is not rate-limiting in the metabolism of glucose by the pentose shunt in S. typhimurium.
MATERIALS AND METHODS
Bacterial strains. The characteristics of the strains used are listed in the tables in which they appear. The genetic symbols are those of Demerec et (10) .
Media. E medium is that of Vogel and Bonner (13) . AB medium is the citrate-free medium of Johnson et al. (8) . Carbon sources were supplied at a concentration of 4 mg/ml, amino acids at a concentration of 25 4g/ml. Gluconate and glucose-6-phosphate were sterilized by filtration. All other carbon sources were sterilized separately in an autoclave. Tetrazolium plates were described by Fraenkel and Levisohn (6) . Colonies which ferment the carbohydrate added to these plates are white; those which do not are red.
Genetic crosses. Episome transfer was accomplished by mating an equal mixture of donor and recipient in nutrient broth for 2 to 4 hr with aeration, and plating a suitable dilution on selective media. Transduction of the pi-2 episome was done by the method of Ames et al. (1) .
Growth rates. Generation times were measured by the change in absorbance of an aerated 5-ml culture growing in a 12.5-mm tube. Absorbance was measured in a Klett-Summerson colorimeter.
Enzyme assays. N-1-(5'-phosphoribosyl) adenosine triphosphate (PR-ATP) synthetase activity was assayed by the method of Voll et al. (14) . Histidinol phosphate phosphatase activity was assayed as described by Ames et al. (1) . GND activity was assayed either in cell-free extracts (5) , or in toluenetreated cells by the following procedure. The cells were collected, washed, and treated with toluene as described by Ames et al. (1) . To 0.40 ml of 0.2 M triethanolamine-HC1 buffer (pH 8.4) containing 1 mM magnesium chloride, 0.10 ml of toluene-treated cells was added, followed by 0.30 ml of the freshly prepared mixture: 1% nicotinamide adenine dinucleotide phosphate (0.5 ml), 0.2% gelatin (0.5 ml), 0.04% phenazine methosulfate (0.5 ml), and 0.32% 2-iodophenyl-3-p-nitrophenyl-5-phenyltetrazolium chloride (2.5 ml). The reaction was started by adding 0.02 ml of 0.1 M potassium 6-phosphogluconate and 1279 stopped with 0.2 ml of 0.67 N HC1. Optical density was read at 600 m,u. Specific activity was calculated from net units of cell mass (optical density at 600 m,u divided by optical density at 650 mni). The relative specific activity (RSA) was calculated by dividing the values actually found by those for the wild strain, S. typhimurium LT-2. The wild-type values were 80 to 112 units per mg of protein by the method for cell-free extracts and 6.6 per 20 min by the toluene procedure. Extracts of cells grown on AB medium generally contain about 25% less activity than cells grown on E medium. RSA of extracts of cells grown on AB medium refer to wild-type Salmonella grown on AB medium and glucose. All others are in reference to wild type grown on E medium and glucose.
RESULTS
All S. typhimurium strains carrying deletions extending from the his (9) and into the rfb (10) operons completely lack GND activity. Three strains carrying deletions in the his operon which do not extend into the rfb operon do not have GND activity. Figure 1 shows the extent of the deletions and the relative specific activities of GND. These data demonstrate that the gnd gene maps between the rib and the his operons.
GND activity is constant under all growth conditions tested (Table 1) . Although the gnd gene is closely linked to the his region, GND activity is unaffected by the level of derepression of the his operon (experiment 1, Table 2 ). Strains carrying constitutive alleles of the histidine regulatory genes (12) , hisO and hisT, contain normal levels of GND activity. All tested polar mutants in the hisC gene (G. Fink, T. Klopotowski, and B. N. Ames, J. Mol. Biol., in press) show the same GND activity as the parent strain (experiment 2, Table 2 ). Strains that carry deletions extending from the his operon toward but not into gnd (his-659, his-2227, his-2323, his-2527; Fig. 1 (Table 3) . This is also true of a mutant of one of these F' his elements lacking histidine genes E, I, F, A, and H (strain SB711). An F' his+ element (T80) derived from the S. typhimurium chromosome (J. Roth and G. Fink, personal communication) also restores GND activity to a level two to three times that of the wild type in a deletion mutant formerly lacking GND (SB767; Table 3 ). The pi-2 eipsome (1) also carries the gnd+ gene but it restores GND activity only to the wild-type level (Table 3) .
Deletion of the gnd gene has no significant effect on the growth rate when glucose is the sole carbon source. In mineral salts medium containing 0.5 % potassium gluconate as sole carbon source, the gnd mutants grow at half the rate of the parental strains. However, the difference in growth rate is too small to distinguish gnd colonies from wild type on gluconate minimal plates. Colonies deficient in GND are not reliably distinguishable from wild type on tetrazolium-gluconate medium. Secondary mutants unable to use gluconate as sole carbon source are readily isolated from the gnd strains; these will be described elsewhere.
If, as Fraenkel and Horecker (5) (5) metA22, trpB2, azi-4, Hi-b, H2-e,n,x (ColEl). The his-3100 mutation in SB709 was induced by 2-aminopurine treatment of SL797. SB715 is an F' his+ (Takano) derivative of SB709. Strains SB71 1, SB712, and SB714 carry the ara-9 mutation. SB766 was constructed by transduction from his-57 (pi-2); the presence of pi-2 in SB766 was determined by the method ol Ames et al.
(1).
GLU, glucose; HOL, L-histidinol (100 Ag/ml).
The episomes give consistently lower values when put into strain hisTl504, which itself has lower GND values ( Fig. 1 and Table 2 ), and strains carrying deletions derived from it (e.g., SB267).
d These strains lack GND activity in the absence of the episome (Fig. 1) .
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